Abstract-Macrophage attachment and activation to implanted materials is crucial in determining the extent of acute and chronic inflammation, and biomaterials degradation. In an effort to improve implant performance, considerable attention has centered on altering material surface chemistry to modulate macrophage behavior. In this work, the influence of the modulus of a material on the behavior of model macrophages (i.e., human promonocytic THP-1 cells) was investigated. We synthesized interpenetrating polymer network (IPN) coatings with varying moduli to test the hypothesis that lower moduli surfaces attenuate THP-1 cell attachment and activation. The surface chemistry and moduli of the IPN coatings were characterized using X-ray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM), respectively. THP-1 cells preferentially attached to stiffer coatings of identical surface chemistry, confirming that fewer macrophages attach to lower moduli surfaces. The secretion of human TNF-α, IL-10, IL-8 and IL-1β from THP-1 cells attached to the IPNs was measured to assess the concentration of both pro-and anti-inflammatory cytokines. The global amount of TNF-α released did not vary for IPN surfaces of different moduli; however, the amount of the pro-inflammatory cytokine IL-8 released demonstrated a biphasic response, where lower (approx. 1.4 kPa) and very high (approx. 348 kPa) moduli IPN surfaces attenuated IL-8 secretion. The different trends for TNF-α and IL-8 secretion highlight the complexity of the wound healing response, suggesting that there may not be a unique surface chemistry and substratum modulus combination that minimizes the pro-inflammatory cytokines produced by activated macrophages.
INTRODUCTION
Chronic inflammation and fibrous capsule formation following the implantation of a biomaterial can often lead to failure of the device. In vivo, the inflammatory response is a complicated cascade involving various cell types whose activities are controlled by numerous mediators [1] . Initially blood clot formation occurs at the site of implantation, which is followed by neutrophil migration; subsequently monocytes migrate to the site and differentiate into macrophages. Macrophages are the dominant cell type in determining the extent of the inflammatory response. When activated, macrophages secrete reactive oxygen metabolites, proteases, chemotactic factors, complement components, and finally growth factors and cytokines that regulate the inflammatory response [2] . For example, macrophages release pro-inflammatory cytokines, including TNF-α, IL-6 and IL-8, as well as the anti-inflammatory cytokine IL-10 [3] . In addition, macrophages are involved in the recruitment and activation of other leukocytes [4] and can fuse to form foreign body giant cells (FBGCs) that exist at the interface of the biomaterial and the tissue for the lifetime of the implant [5] . Macrophages also release angiogenic molecules during tissue remodeling, the final steps of wound healing.
The critical role of the macrophage in chronic inflammation and biomaterials degradation has led to the development of in vitro biocompatibility assays that employ macrophage attachment and activation to various biomaterials surfaces as a model of the inflammatory response to synthetic materials. Brodbeck et al. [3] found that anionic and hydrophilic surfaces demonstrated lower initial macrophage attachment, increased pro-wound healing cytokine production (e.g., IL-10), decreased pro-inflammatory cytokine production (e.g., , and less FBGC formation. This work was partially verified by an in vivo cage implant model, where hydrophilic surfaces showed a decreased expression of pro-inflammatory cytokines IL-6 and IL-8, and the pro-wound healing cytokines IL-10 and IL-1β by the adherent cells [6] .
Despite a clear effect of material surface chemistry on macrophage behavior, hydrophilic surfaces do not minimize the inflammatory response. Jenney and Anderson [7] reported a significant amount of primary macrophage attachment to poly(ethylene oxide) (PEO) brush layer surfaces. Collier et al. [8] also showed that primary macrophages will attach to poly(ethylene glycol) (PEG)-terminated hydrogel coatings, where these same materials eliminate attachment of other anchorage-dependent mammalian cells. Although the mechanism for macrophage attachment to PEG surfaces is unknown, we believe this to be a direct interaction between the cell and PEG, as the aforementioned hydrogels minimize protein adsorption below critical levels (<5 ng/cm 2 ) [9] . Recently studies have made it clear that material surface chemistry is not the only physical property of a material that can alter mammalian cell behavior. Lower moduli surfaces have been shown to reduce cell spreading, motility, and differentiation in several anchorage-dependent cell types [10 -19] , although this stiffness-dependent behavior has not been demonstrated with inflammatory cells such as leukocytes, neutrophils, macrophages and FBGCs. Therefore, in this work we concentrated on assessing the effect of material modulus on macrophage attachment and activation.
In this work, we synthesized interpenetrating polymer network (IPN) coatings with varying moduli to test the hypothesis that lower moduli (approx. 1 kPa) surfaces attenuate macrophage attachment and activation on biomaterials. These experiments were performed using a monocytic leukemia cell line, THP-1 cells, as a model macrophage. The THP-1 monocyte resembles the primary monocyte regarding its morphology, secretory products and oncogene expression [20] ; and upon treatment with phorbol esters, THP-1 cells will differentiate into macrophages. As such, THP-1 cytokine expression, specifically the expression of TNF-α, IL-8, IL-10 and IL-1β, can be used as an indication of the extent of activation of cells attached to a test biomaterial or interfacial coating. Previously known as neutrophil chemotactic factor (NCF) and neutrophil activating protein (NAP), IL-8 has a critical role as a pro-inflammatory cytokine that is responsible for the chemotactic attraction of neutrophils, monocytes, and lymphocytes to the injury site in acute inflammation [21] . IL-10 is produced by macrophages, CD4+ T cells, CD8+ T cells and activated B cells [22] , and is an anti-inflammatory cytokine that has an inhibitory effect on pro-inflammatory cytokines including IL-1α, IL-1β, IL-6, TNF-α and GM-CSF in macrophages. IL-10 also stimulates apoptosis in human monocytes, and downregulates reactive oxygen metabolites. Therefore, IL-10 is indicated as a down-regulatory molecule in the inflammatory response, as well as particle-induced inflammation during loosening of implants [23] . In this work, the secretion of human TNF-α, IL-10, IL-8 and IL-1β from THP-1 cells attached to IPN coatings was measured to test the hypothesis that the concentration of both pro and anti-inflammatory cytokines will be reduced on surfaces with low moduli (approx. 1 kPa).
MATERIALS AND METHODS
All chemicals were purchased from Fisher Scientific (Pittsburgh, PA, USA) and were ACS grade or better unless otherwise mentioned. All glassware was cleaned with in a 2% solution of Contrad 70 (Deacon Laboratories, Cat. No. 04-355) in water for 2 h, rinsed copiously with water and baked dry. All water used in this study was ultra pure ASTM Type I reagent grade water (18.2 M cm, pyrogenfree, endotoxin <0.03 EU/ml).
Synthesis of low-moduli surfaces
To create low-moduli IPN coatings (e.g., 9.9 kPa, 6.0 kPa and 1.4 kPa), quartz disks (1 O.D. × 1/4 thick; Chemglass, Vineland, NJ, USA) were cleaned with a piranha etch solution prior to surface initiated polymerization. The disks were immersed in a 3:1 (v/v) solution of sulfuric acid (95-98% c.p.): 30% hydrogen peroxide (H 2 O 2 ; EMD Biosciences; La Jolla, CA, USA) for 10 min. Samples were then cleaned with 10 min sonication periods in a 150 W Branson 3200 sonicating unit (Branson, Danbury, CT, USA) in water, acetone, hexane, acetone and water. The disks were then dried completely with nitrogen gas (N 2 ). All disks were further cleaned and activated using an O 2 plasma (March Plasmod, Concord, CA, USA) at 1 Torr and 125 W for 5 min.
Clean quartz disks were treated with an organosilane to functionalize the surface for polymerization. Samples were covered in a 1% (v/v) methacryloxypropyltrimethoxysilane (MTMS; Gelest, Morrisville, PA, USA), 94% (v/v) methanol (MeOH) and 5% (v/v) water solution containing 5 µl of acetic acid (Polysciences; Warrington, PA, USA). Samples were then rinsed 3 times in MeOH and baked for 30 min at 110
• C. Acrylamide gels were polymerized directly onto the functionalized quartz disks. Solutions of 10% (w/v) acrylamide (AAm; Polysciences, Warrington, PA, USA) and varying amounts of N,N-methylene-bisacrylamide (BIS, 0.3-0.03% (w/v); Polysciences) were prepared in water. Polymerization was initiated by adding 20 µl N,N,N ,N -tetramethylethylenediamine (TEMED; Polysciences) and 100 µl of 10% (w/v) ammonium persulfate (AP; Sigma, St. Louis, MO, USA). Immediately, 60 µl of this solution was pipetted onto the quartz disks and covered with glass microscope slides placed face down on top of the monomer/cross-linker solution to ultimately create a smooth surface for cell culture. The microscope slides were treated with dichlorodimethylsilane (CMS; Sigma) for 1 min and then wiped clean with kimwipes prior to use. Samples were allowed to polymerize for approx. 10 min, then the microscope slides were removed and the samples were placed in water. This synthesis protocol created pAAm coatings approx. 50 µm thick [12] . An IPN was created by polymerizing a second layer of PEG within the pAAm layer. A solution of 0.02 g/ml PEG-1000-monomethylether (pEGMA; Polysciences) and 0.01 g/ml BIS was initiated with 0.005 g/ml 3-(3,4-dimethyl-9-oxo-9H-thioxanthen-2-yloxy)-2-hydroxypropyl]trimethylammonium chloride (QTX; Aldrich, Milwaukee, WI, USA) in a degassed solution of 97:3 (v/v) water/isopropanol (IPA; Fisher) for 5 min using a ultraviolet light table as described previously [24] . This resulted in an IPN with a high density of PEG at the surface. After synthesis, samples were stored overnight in water.
Synthesis of high-moduli surfaces
To make high-modulus (approx. 348 kPa) coatings a conventional IPN synthesis was used [9] . Quartz disks were cleaned and modified with methacryloxypropyltrimethoxysilane as described above. A pAAm layer was grafted to the functionalized surface via addition photopolymerization using a light box (Lab Lite, Demetron Research, Dansbury, CT, USA) at an irradiance of 3.83 mW/cm 2 and at a primary wavelength of 470 nm. The pAAm layer was grafted in acetone using AAm monomer (0.1485 mg/ml; Polysciences) with BIS (0.0015 mg/ml; Polysciences) as a cross-linker and DL-camphorquinone (CQ; 0.03324 mg/ml; Polysciences) as the photoinitiator. An IPN was created by polymerizing a second layer of PEG (approx. 4 nm thick) within the top few nm of the pAAm layer. A solution of 0.02 g/ml poly(ethylene glycol)-1000-monomethylether (PEGMA; Polysciences) and 0.01 g/ml BIS was initiated with 0.005 g/ml QTX in a degassed solution of 97:3 (v/v) water/IPA for 5 min using a ultraviolet light table as described previously [24] . This resulted in an IPN with a high density of PEG at the surface. After synthesis, samples were stored overnight in water.
Synthesis of peptide-modified IPN surfaces
To modify either high or low moduli IPN coatings with a cell-adhesion peptide, 0.0162 ml/ml acrylic acid (AAc; Polysciences) was included in PEG polymerization solution as a binding site for further modification. The poly(acrylamide-co-ethylene glycol/acrylic acid) (p(AAm-co-EG/AAc)) IPNs were then functionalized with a cell-adhesion peptide. To minimize reagents, a cell-culture cylinder (Bioptechs, Butler, PA, USA; d = 22 mm) was placed on top of each of the IPN-modified quartz disks and parafilm was used around the outside to hold it in place. Reagents were then added to these wells according to previously published protocols [25] . Briefly, a PEG(NH 2 ) 2 spacer arm (3400 MW; Nektar) was tethered to the surface using carbodiimide chemistry from a solution of 0.15 g/ml PEG(NH 2 ) 2 , 0.0025 g/ml N -hydroxylsulfosuccinimide (Sulfo-NHS; Pierce, Rockford, IL, USA) and 0.005 g/ml 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC; Pierce) in 0.5 M MES buffer, pH 6.6 (Pierce). Next, a heterobifunctional crosslinker, sulfosuccinimidyl 4-N -maleimidomethyl cyclohexane 1-carboxylate (Sulfo-SMCC; Pierce), was added add at 0.0005 g/ml in sodium borate buffer (pH 7.5). Finally, a peptide sequence from rat bone sialoprotein containging the Arg-GlyAsp (RGD) motif (bsp-RGD(15); Ac-CGGNGEPRGDTYRAY-NH 2 ; custom synthesized by American Peptide, Sunnyvale, CA, USA) was tethered to the end of the chains in 0.1 M sodium phosphate buffer (pH 6.6). The bsp-RGD(15) peptide sequence was chosen do to its increased binding activity compared other peptides containing the RGD sequences [24] .
Prior to use in cell culture, both unmodified and modified quartz disks were disinfected in a 70:30 (v/v) ethyl alcohol (EtOH; Gold Shield Chemical, Hayward, CA, USA)/water solution. Samples were placed in sterile 6-well tissue culture plates (source) and immersed in ethanol solution for 20 min. Ethanol solution was aspirated and samples were washed 3 times in phosphate-buffered saline, pH 7.4 (PBS, Gibco, Carlsbad, CA, USA).
Atomic force microscopy (AFM)
The mechanical properties of pAAm layers were measured using a Bioscope AFM. A closed-loop single-axis 50 mm range with a 0.7 nm accuracy piezoelectric positioning platform ("piezo", Mad City Labs, Madison, WI, USA) was employed instead of the piezoelectric tube on the Bioscope AFM head. The piezo platform and photodiode signal were controlled by an RHK SPM 7 controller and RHK SPM32 software (RHK Technology, Troy, MI, USA). The coatings were fully swollen overnight in PBS prior to measurements. V-shaped silicon nitride cantilevers (Veeco) with a spring constant of 9-11 pN/nm (calibrated by the thermal noise method) were used in all experiments that were modified with a 10 µm polystyrene (PS) bead which created a known contact area during measurements. The beads were glued on the tip manually and allowed to dry overnight before use. All measurements were made in a fluid cell in PBS and all data were taken at 22
• C. Five indentation curves were taken on each sample at three spots per sample. All five curves were averaged and treated as a single data point; different spots were treated as separate measurements.
A Hertzian mechanics model was used to analyze all force-displacement data. The two major assumptions of this model are linear elasticity and infinite sample thickness. In the Hertz model, infinite thickness is assumed for the sample, which is valid for this work since the thickness is approx. 50 µm, and the distance that we indented was approx. 1 µm. The 10 µm PS bead ensured that surface strains did not exceed 10% (to remain in the region where linear elasticity can be assumed).
X-ray photoelectron spectroscopy (XPS)
The surface chemistry of the IPN coatings was analyzed using X-ray photoelectron spectroscopy (XPS) collected with Surface Science Instruments (SSI) X-probe and S-probe spectrometers. Both survey and high-resolution carbon 1s (C 1s ) multiplex spectra were recorded at three spots for each sample (n = 2 samples) using a monocromatic Al Kα 1.2 (1486.6 eV) X-ray source. The survey spectra ranged from 0 to 1000 eV at 0.5 eV/step, with pass energy of 150 eV, and two sweeps were performed. The C 1s spectra ranged from 280-300 eV at 0.1 eV/step, with a pass energy of 50 eV, and 15 sweeps were performed.
Cell culture and microscopy
Human promonocytic THP-1 cells (American Type Culture Collection; Marnassas, VA, USA) were cultured in RMPI 1640 growth media supplemented with 10% qualified fetal bovine serum (FBS; Gibco), 1% penicillin-streptomycin and 0.05 mM mercaptoethanol and maintained at a density between 1 × 10 5 and 1 × 10 6 cells/ml in a 5% CO 2 humidified atmosphere at 37
• C. These conditions were used previously to maintain THP-1 cells in culture [26] .
Cells were plated on disinfected IPN modified quartz discs in 6-well plates at 1300 cells/cm 2 in growth media containing 0.1% ethanol and 8.2 nM phorbol myristate acetate (PMA) to differentiate the THP-1 cells into macrophage-like cells. Cell-culture cylinders were placed in the center of quartz discs, and the cell suspension was pipetted within this cylinder to ensure cells did not settle off the quartz discs and onto the 6-well plate. The remaining volume in the 6-well plate was filled with growth media containing 0.1% ethanol and 8.2 nM PMA. Schwende et al. [26] showed previously that THP-1 cells can be induced to differentiate into macrophages by treatment with PMA or a vitamin D derivative (VD3). Upon activation these cells become phagocytic and display the macrophage surface antigens CD11b and CD14 and attach to the substrates. Without activation with PMA the THP-1 cells do not attach to standard culture surfaces.
After 3 days, cylinders were removed, and the media was replaced with RPMI 1640 growth media. To assess cell number and morphology, phase contrast images were taken on an inverted Nikon Eclipse TE300 microscope equipped with a QICAM Fast 1394 CCD camera (Qimaging, Surrey, BC, Canada) and IPLabs acquisition software (Scanalytics, Fairfax, VA, USA). Phase-contrast images were centered on the sample and four random images were taken at 4× and 10× on each surface. Images were normalized to images taken the same day on a hemocytometer.
To quantify the number of cells on each surface, cell-counting scripts were written in IP Labs based on segmentation. All 4× images taken were analyzed with these scripts. A representative image before and after segmentation analysis is shown in Fig. 1 ; the segments clearly outline where the cells are present on the surface.
Cytokine production
Cytokine release from THP-1 cells on IPN surfaces were measured using enzymelinked immunosorbent assay (ELISA) kits obtained from Biosource (Camarillo, CA, USA). Human immunoassay kits were used for the detection of human TNF-α, IL-10, IL-8 and IL-1β. THP-1 cells were plated on IPNs of varying moduli in PMA-containing media for activation. After 3 days, media was replaced with fresh growth media. 24 h after this media replacement, 1 ml media was extracted from the wells, divided into 100-µl aliquots and stored frozen at −80
• C until use. In the first step of the ELISA, the human cytokine was bound to the immobilized antibody on the supplied plate. Cytokines for standards were reconstituted to 2000 pg/ml and sequentially diluted into standard concentrations of 1000, 500, 250, 125, 62.5, 31.2 and 15.6 pg/ml. First, 50 µl of either the samples or standards were added to the wells, and 50 µl of standard diluent buffer was added to blank the wells. Subsequently, 50 µl incubation buffer was added to the standards and 50 µl standard diluent buffer was added to cell culture samples. The plate was covered and incubated for 2 h at room temperature. After the incubation period, the plate was aspirated and washed four times with 200 µl/well of wash buffer. In the next step, 100 µl biotinylated antibody was pipetted in all wells, except the blanks. The plate was covered and incubated for 1 h at room temperature. Finally the plate was aspirated and washed four times with 200 µl/well of wash buffer.
After the addition of the biotinylated antibody, the streptavidin-peroxidase enzyme was added and bound to the biotinylated antibody. The Streptavidin-HRP (100×) solution was diluted into the supplied Streptavidin-HRP working solution, 100 µl Streptavidin-HRP working solution was added to each well, except the blanks, and the plate was covered and incubated for 30 min at room temperature. After the incubation period, the plate was aspirated and washed four times with 200 µl/well of wash buffer. The chromagen was added, 100 µl per well, and incubated covered for 30 min at room temperature in the dark. After the incubation period, 100 µl stop solution was added to each well. The absorbance of each well was read in a UV-Vis plate reader (Spectramax Microplate Reader; Molecular Devices, Sunnyvale, CA, USA) at 450 nm within 2 h.
Statistics
All data were expressed as the average of at least three replicate experiments ± the standard deviation. Statistical comparisons were performed by ANOVA (P < 0.05) followed by Holms t-tests (P < 0.05) for significance.
RESULTS

Atomic force microscopy
The average stiffness measured via AFM nanoindentation for 10% wt/wt pAAm gels on quartz discs of varying cross-linker density is displayed in Fig. 2 (n = 10) . The Young's modulus for pAAm gels containing 0.3% BIS cross-linker was 9.93 ± 1.3 kPa; for the gels containing 0.15% BIS cross-linker the modulus was 6.0 ± 1.0 kPa; and for the gels containing 0.03% BIS cross-linker the modulus was 1.4 ± 0.5 kPa. An ANOVA (P < 0.05) followed by a Holms t-test (P < 0.05) confirmed that the three groups were statistically different. There was a linear relationship in this region of stiffness (Fig. 2, R 2 = 0.989) where the Young's modulus increased with increasing cross-linker density. Measurements were also taken on representative IPN coatings, which included the final PEG layer, to ensure the addition of the PEG layer did not alter the modulus, and no difference was observed (data not shown).
X-ray photoelectron spectroscopy
XPS results for the chemical surface composition of variable moduli IPNs and IPNs modified with bsp-RGD(15) (IPN + RGD) are given in Table 1 . Survey spectra collected from IPN samples indicated the expected C 1s , N 1s , O 1s and Si 1s peaks. There was no substantial difference in the chemical composition between the IPN surfaces with varying moduli, although small differences can be seen in Table 1 . The 9.9 kPa, 6.0 kPa and 1.4 kPa IPNs had a larger C 1s composition and lower O 1s composition (in at%) than the 348 kPa IPN surfaces, but this was attributed to the reduction in the contribution of the substrate SiO 2 signal for the thicker IPNs. The small amount of Si detected by XPS for the low moduli surfaces is probably due to the presence of some adventitious silicone contamination. Also of interest was the strong N 1s peak in all samples, which indicated the formation of the pAAm gel on the surface.
Similarly for the IPN + RGD samples, there was no difference in the chemical composition between the IPN + RGD surfaces of varying moduli. Survey spectra collected from IPN + RGD samples indicated C 1s , N 1s , O 1s and Si 2p peaks, and additional Na 1s and S 2p peaks, the latter presumably occurring from buffers used for the peptide conjugation that absorbed into the hydrogel network. Similar trends were seen as with the IPN surfaces, where the 348 kPa IPN + RGD coating had 63.1 ± 0.6 20.0 ± 0.5 14.2 ± 0.6 2.8 ± 0.2 --IPN (6.0 kPa) 64.2 ± 2.2 20.9 ± 0.9 11.7 ± 1. a slightly smaller C 1s composition and a slightly larger O 1s composition than the 9.9 kPa, 6.0 kPa and 1.4 kPa IPN + RGD coatings, which again was attributed to the difference in thickness of these coatings.
Representative C 1s high-resolution spectra for the IPN coating for can be seen in Fig. 3 . There is a dominant hydrocarbon peak (CH x ) at 285.0 eV for all IPN samples. The IPN coatings also show an ether peak (C-O) at 286.5 eV and an amide peak (N-C=O) at 288.0 eV. As can be seen in Fig. 3 , the C 1s spectra are similar for samples of all modulus, which verifies that the surface chemistry was not significantly altered by the cross-linker concentration used to control the IPN modulus.
Representative C 1s high-resolution spectra for the IPN + RGD coating are presented in Fig. 4 . Similarly to the IPN coatings, the IPN + RGD coatings have Figure 4 . High-resolution XPS spectra of the C 1s region of IPN + RGD coatings of varying moduli.
a dominant hydrocarbon peak (CH x ) at 285.0 eV for all samples. The IPN + RGD coatings also show an ether peak (C-O) at 286.5 eV and an amide peak (N-C=O) at 288.0 eV; however, for the 348 kPa IPN + RGD surfaces, the ether peak is more prevalent than for the 9.9 kPa, 6.0 kPa and 1.4 kPa IPN + RGD coatings, implying an enriched PEG layer on the 348 kPa surfaces compared to the other surfaces.
Cell attachment
Macrophage attachment and morphology on the various substrata was dependent on the presence of the IPN and its modulus. Phase contrast images of THP-1 cells adherent to the stiffest IPN surface compared with a quartz control can be seen in Fig. 5 , where less cells attached to the IPN surfaces and spread to a greater extent. The dependence of THP-1 cells adhesion on substratum modulus can be seen in Fig. 6 for IPN surfaces. A large number of THP-1 cells attached to these IPN surfaces despite their ability to nearly eliminate protein adsorption and prevent cell attachment of all other anchor dependent mammalian cells previously studied [25 -31] . Quantitative analyses of THP-1 cells adhered to IPN surfaces of different moduli can be seen in Fig. 6E . There was a trend for greater cell attachment to the IPN surfaces with higher moduli, with a significant difference between all groups except between the 6.0 kPa IPN and the 1.4 kPa IPN coatings (Holms ttest, P < 0.05). Independent of attachment, cell morphology was also affected by the substratum (Fig. 6 A-D) , where the cells aggregated on surfaces with lower moduli.
The addition of bsp-RGD(15) increased cell attachment to the IPN surfaces compared to the non-peptide modified IPN surfaces (Fig. 7) . The effect was more pronounced at lower substratum moduli. Quantitative results for cell counting analysis of THP-1 cells plated onto IPN + RGD surfaces of different moduli are shown in Fig. 7E . There was a trend of increased cell attachment on the stiffer coatings. There was a difference in the number of THP-1 cells attached to the stiffest 348 kPa IPN + RGD surface compared to the softest surface, and between the 9.9 kPa IPN + RGD and the 1.4 kPa IPN + RGD (P < 0.05). Morphologically, the cells formed aggregates on all of the low moduli IPN + RGD substrata, but spread on the high-modulus IPN + RGD surface (348 kPa). Cytokine production TNF-α release from THP-1 cells was dependent on substrate modulus and the presence of adhesion promoting peptides, such as bsp-RGD(15) (Fig. 8) . The total TNF-α released, normalized by area of the modified surface, does not depend on the moduli of the substrate (Fig. 8A) . However, when these data were normalized to the number of cells on the surface (obtained from phase-contrast image analysis), there was a significant difference in the amount of TNF-α released per cell between all groups except for the 6.0 kPa IPN + RGD and 1.4 kPa IPN + RGD surfaces ( Fig. 8B ; ANOVA, P < 0.05; Holms t-test, P < 0.05, n = 9). The magnitude of this effect was attenuated by the conjugated peptide.
IL-8 secretion exhibited a biphasic dependence on substratum modulus for the total IL-8 production and the IL-8 production per cell for both IPN surface chemistries tested (Fig. 9) . The exception from this trend was the quartz surface.
The maximum IL-8 secretion on a per area basis occurred for the peptide-modified IPN with a modulus of 9.9 kPa. On a per cell basis, IL-8 secretion reached a maximum for 9.9 kPa and 6.0 kPa IPN surfaces, and 9.9 kPa IPN + RGD surfaces.
No detectable levels of either of the anti-inflammatory cytokines IL-10 or IL-1β were measured from THP-1 cells adherent to various surfaces. The minimum detectable dose of IL-10 and IL-β for the ELISA assay was 1 pg/ml, indicating the secretion of IL-10 and IL-1β were below the detection limit.
DISCUSSION
A critical aspect of this work was to create materials with variable moduli, and defined and adjustable surface chemistry. We modified the synthesis of a wellstudied IPN to control the modulus within the range of 1 to 10 kPa, while allowing peptide modification of the interface to modulate cell adhesion. The 10% AAm gels created for these experiments cover the range of modulus of normal human soft tissue, which is approx. 1-10 kPa [32] . Our AFM characterization compared closely with those of Engler et al. [13] , where the Young's modulus of their 5% AAm gels with 0.3-0.03% BIS cross-linker ranged from approx. 1.5 kPa to approx. 8 kPa, also measured by nanoindentation methods. In addition, Engler et al. [13] reported a Young's modulus for human artery of 5.7 ± 0.3 kPa, also measured by AFM nanoindentation, which falls in the middle of the range covered by our IPN coatings. Various cell types such as fibroblasts [18, 33] , spinal cord neurons [14] , endothelial cells [10] , vascular smooth muscle cells [12, 34] and chondrocytes [15] , exhibit differential cell behavior when exposed to materials with moduli in this range of 1-10 kPa. To expand on the types of cells studied, in this work the influence of substratum modulus on the behavior of model macrophages (i.e., human promonocytic THP-1 cells) was investigated.
Characterization using XPS allowed us to assess the consistency of the surface chemistry for IPNs of varying moduli. The elemental composition of these coatings compared closely with previously published data for IPNs on quartz disks [30] . Representative C 1s high resolution results were also similar to previously published high-resolution C 1s data for IPNs on quartz discs [30] . These high-resolution data verified the consistent surface chemistry for the IPN coatings of varying moduli. However, representative C 1s high resolution data imply a more dominant PEG brush layer formation on the 348 kPa IPN + RGD surfaces compared to the other surfaces, as the ether peak is more prevalent on these surfaces.
Macrophage attachment was dependent on surface chemistry. The IPN surfaces exhibited significant THP-1 cell attachment despite the high PEG surface concentration and the non-fouling nature of the surfaces [9, 30, 31] . These results are similar to previous work using primary monocytes exposed to IPNs, where Collier et al. [8] reported a large amount of primary macrophage attachment to non-fouling IPN surfaces (348 kPa). Despite high levels of macrophage attachment, these cells were not able to form FBGCs, indicating a reduction in the overall immune response to the coating as compared with control quartz surfaces. Similarly, Jenney and Anderson [7] reported a significant amount of primary macrophage attachment to PEO brush layer surfaces, where the macrophages were not able to progress to FBGCs. In addition, polyethylene polyterepthalate (PET) surfaces modified with hydrophobic, hydrophilic, anionic and cationic surfaces showed that anionic and hydrophilic surfaces demonstrated lower initial macrophage attachment [3] . Collectively, these studies indicated that PEO-based surfaces improved material compatibility; however, surface chemistry alone was not sufficient to minimize monocyte/macrophage attachment.
For all the materials studied in this work, the IPN surfaces functionalized with bsp-RGD(15) promoted monocyte attachment compared to the non-peptide modified IPNs. Previously these bsp-RGD(15)-modified IPN coatings have shown significant cell attachment of several cell types including osteoblasts, neural stem cells and endothelial cells as compared with non-fouling IPNs, where little or no cell-attachment has been observed. As with other cell types, macrophages contain integrin receptors that allow for attachment to the bsp-RGD(15) on the surface, therefore increasing macrophage attachment on these coatings compared to the unmodified IPN coatings. The peptide-modified IPNs represent model implant coatings for applications such as hip implants, where it is desirable for osteoblast recruitment to the surface and peri-implant wound healing. According to present work, the attachment of bsp-RGD(15) will result in a greater amount of macrophages in the peri-implant region, attenuating the available surface accessible for osteoprogenitor cells and thereby altering bone implant contact and strength of attachment. Thus, there is a need to develop peptide ligands that reduce monocyte attachment, but at the same time promote attachment of tissue specific progenitor cells.
The modulus of the substrate affected cell attachment for both surface chemistries tested, where lower moduli substrates decreased cell attachment. Significantly more cells attached to the 348 kPa IPN surfaces than the 9.9 kPa, 6.0 kPa and 1.4 kPa IPN surfaces. This was attributed to the stiffness of the underlying quartz substrate (approx. 70 GPa), since the 348 kPa IPN were only approx. 100 nm thick when hydrated, they were too thin to prevent the cells from "sensing" the underlying substrate modulus. According to Engler (data not shown), a thickness of approx. 500 nm is needed to prevent cells from assessing the modulus or presence of the much stiffer base substrate, i.e., quartz or polystyrene.
In addition to increased cell attachment, THP-1 cytokine production was also affected by modulus. TNF-α is a pro-inflammatory cytokine released by activated macrophages, fibroblasts, mast cells, T cells and natural-killer (NK) cells [35] . It induces fever, has both growth stimulating and inhibitory properties, initiates the blood-clotting cascade and causes macrophages to release reactive oxygen metabolites. The release of TNF-α initiates the release of a cascade of cytokines recruiting more macrophages and neutrophils to the injury site. Therefore, the amount of TNF-α released by the macrophages attached to a biomaterial surface can directly affect the overall inflammatory response, and is an important indication of chronic inflammation. In this work, a clear trend was observed where cells on the softer moduli surfaces produced more TNF-α. As seen in Fig. 8B , the individual THP-1 cells attached to the nonfouling IPN surface also produce more TNF-α than those attached to the surface via the RGD peptide. Although the individual cells produce more TNF-α on the softer non-fouling IPN coatings, the global amount of TNF-α produced neither depends on substratum stiffness nor the surface chemistry. This observation is due to the competing effects of differential cell adhesion and TNF-α secreted per cell. Regarding wound healing surrounding an implant, the global amount of TNF-α produced is the most relevant data, as it directly correlates with the degree of the inflammatory response. It is very interesting, however, that the amount of TNF-α released per cell depends on the surface chemistry and stiffness, and we plan to explore this with further work.
In contrast, IL-8 secretion exhibited a biphasic dependence on substratum modulus for the total IL-8 production and the IL-8 production per cell for both IPN surface chemistries tested. The opposing trends for TNF-α and IL-8 secretion point to the complexity of the wound healing response, indicating that there may not be a unique surface chemistry and substratum modulus combination that minimizes the pro-inflammatory cytokines produced by activated macrophages. In vivo studies are necessary to gain a better understanding of the effect of material modulus on the peri-implant inflammatory response.
CONCLUSIONS
We have demonstrated that material modulus affects macrophage behavior, and in greater magnitude than the material surface chemistry. THP-1 cells attached more readily to surfaces containing the RGD cell adhesion peptide, demonstrating that they display cell-surface integrins and the capability to engage with a common cell adhesion motif. THP-1 cells also preferentially attached to stiffer coatings of identical surface chemistry, confirming the hypothesis for this work that lowermoduli IPNs attenuated macrophage attachment. The effect of substratum modulus on pro-inflammatory cytokine secretion was unique for TNF-α and IL-8, suggesting that a single surface chemistry and modulus combination cannot minimize all the pro-inflammatory cytokines produced by activated macrophages. It is clear from this work that significant attention must be paid to both of these parameters in biomaterial surface design attempting to control peri-implant wound healing.
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